Backgroud: Autism spectrum disorders (ASD) are a complex group of neurodevelopmental disorders with a genetic basis. The role of long-chain polyunsaturated fatty acids (LC-PUFAs) and the occurrence of autism has been the focus of many recent studies. The present study investigates whether genetic variants of the fatty acid desaturase (FADS) 1/2 and elongation of very long-chain fatty acids protein (ELOVL) 2 genes, which are involved in LC-PUFA metabolism, are associated with ASD risk. Methods: A cohort of 243 ASD patients and 243 unrelated healthy controls were enrolled in this case control study. Sixteen tag single nucleotide polymorphisms from the FADS1-2 and ELOVL2 genes were genotyped using the Sequenom Mass Array. Results: There were significant differences in allelic distribution of FADS2 rs526126 (OR = 0.55, 95% CI = 0.42-0.72, p FDR < 0.05) between autistic children and controls. FADS2 rs526126 and ELOVL2 rs10498676 were associated with decreased ASD risk in recessive model (OR = 0.07, 95% CI = 0.02-0.22, p FDR < 0.01; OR = 0.56, 95% CI = 0.35-0.89, p FDR = 0.042), while ELOVL2 rs17606561, rs3756963, and rs9468304 were associated with increased ASD risk in overdominant model (OR = 1.63, 95% CI = 1.12-2.36, p FDR = 0.036; OR = 1.64, 95% CI = 1.14-2.37, p FDR = 0.039; OR = 1.75, 95% CI = 1.22-2.50, p FDR = 0.017). The A/A genotype of rs10498676 was correlated with a decline in the Autism Diagnostic Interview-Revised communication (verbal and nonverbal) domain.
Background
Autism spectrum disorders (ASD) are a heterogeneous group of neurodevelopmental disorders characterized by abnormal social interaction, impaired language and communication, and repetitive stereotypic behaviors or a narrow range of interests [1] . ASD likely result from complex interactions between multiple genes and environmental factors, with some studies suggesting that genetics play a role in the majority of autism cases [2] . Genomic analyses have revealed that single nucleotide polymorphisms (SNPs) in specific genes are associated with predisposition to ASD and may explain the phenotypic variability observed in patients [3] .
Polyunsaturated fatty acid (PUFAs) are classified as omega-3 (n-3) or omega-6 (n-6) depending on the location of the last double bond relative to the terminal methyl group in the carbon chain [4] . The essential PUFA precursors linoleic acid (LA, 18:2n-6) and alpha-linolenic acid (ALA, 18:3n-3) are metabolized by elongation and desaturation into long-chain (> 20 C atoms) (LC-) PUFAs, such as arachidonic acid (AA, 20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3). The two types of PUFA share and compete for the same enzymes in their biosynthesis (Fig. 1) . Rate-limiting LC-PUFA biosynthetic enzymes in humans include delta-5 and -6 desaturase, and elongases 2 encoded by fatty acid desaturase (FADS)1, FADS2, and elongation of very long-chain fatty acids protein (ELOVL)2, respectively. Independent of dietary effects, polymorphisms in these genes have been shown to affect LC-PUFA status in different ethnic groups [5] [6] [7] [8] [9] . LC-PUFAs are indispensible components of neuronal membranes and modulate the integrity, fluidity, and function of transmembrane proteins. They also act as second messengers in intracellular signaling pathways or regulate gene transcription and expression, neurogenesis, neuroprotection, and neurotransmission, and serve as precursors for the synthesis of eicosanoids and docosanoids, which are potent regulators of immune and inflammatory processes in the brain [4, 10] . In particular, DHA and AA, the principal LC-PUFAs in the brain, that mediate many physiological effects. Numerous epidemiological and experimental studies have reported a link between LC-PUFA content in blood and certain tissues and mental health as well as cognitive and motor development [7, [11] [12] [13] . As such, there is great interest in investigating the potential connection between LC-PUFA levels and the occurrence of autism.
Although there is evidence to suggest that autistic patients have abnormal LC-PUFA metabolism that manifests as a reduction in their levels [14] [15] [16] [17] , few studies have explored the relationship between genes involved in LC-PUFA metabolism and risk of ASD. FADS1/2 and ELOVL2 gene polymorphisms may be the primary determinants not only of LC-PUFA status, but also of the biological effects exerted by LC-PUFAs [9] . We previously reported that serum LC-PUFA levels and delta-6 and -5 desaturase and elongase 2 were downregulated in a rat model of ASD relative to control rats under the same dietary conditions [18] . These findings indicate that mutations in the FADS1/2 and ELOVL2 genes resulting in abnormal expression of delta-6 and -5 desaturase and elongase 2, possibly due to perturbed LC-PUFA status during critical stages of neural development that increases susceptibility to ASD. To clarify the etiology of ASD, the present study investigated the relationship between FADS1/2 and ELOVL2 gene polymorphisms and ASD risk as well as clinical features of ASD in a Chinese Han population.
Methods

Subjects
A total of 243 consecutive patients with ASD were recruited from the Child Development and Behavior Research Center of Harbin Medical University, Harbin, China, from May 2013 to March 2016. Inclusion criteria were a diagnosis of ASD, which was made by a specialist clinician according to Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) criteria. One of the following methods was used as an aid to diagnose: Childhood Autism Rating Scales, Autism Behavior Checklist, Autism Diagnostic Observation Schedule (ADOS), Autism Diagnostic Interview-Revised (ADI-R). Exclusion criteria were children with significant sensory and motor impairment, known genetic disorders, seizures at the time of enrollment, and any other neurological conditions suspected to be associated with autism. Unrelated healthy children (n = 243) without history of developmental delay or other neurological disorders were randomly selected from normal kindergartens in Harbin, China as the controls. All study subjects were of Chinese Han ethnicity.
Clinical assessment
Autism-specific behaviors and symptoms were evaluated according to ADOS and ADI-R, which were administered during interviews with patients or their guardians and scored by a clinical psychologist or trainee who met standard requirements for research reliability. Due to applicability, cooperativity and compliance from patients and their guardians, some cases did not complete above two examinations. Only 184 of 243 ASD cases completed the ADOS and/or ADI-R. The ADOS was available for 174 assessments (71.6% of sample), the ADI-R for 176 assessments (72.4%). Nine participants were excluded due to missing data. Sample characteristics are provided in Additional file 1: Table S1 .
ADOS is a semi-structured standardized observational assessment that is organized into four modules according to developmental and expressive language level. The calibrated severity score (CSS), which is a standardized score of the relative severity of autism-specific behaviors, is less influenced by participant demographics than by raw scores [19] . The ADOS CSS algorithm encompasses social affect (SA) and restricted repetitive behavior (RRB) domains, which are consistent with DSM-V [20] ; these allow comparisons of assessments across modules and times. Procedures for deriving the ADOS-CSS, SA-CSS and RRB-CSS are detailed in the original study [19, 21] .
ADI-R is a semi-structured parent interview that assesses autism symptoms across three domains: social, communication, and repetitive behavior. Although the algorithm scores were originally designed to provide categorical diagnostic information, taking language level and age at the time of interview into account, ADI-R domain and total scores can be used as estimates of the severity of core ASD symptoms [22] . Higher adjusted ADI-R scores indicate greater impairment. Before similar strategies used in ADOS can be applied to ADI-R, ADI-R scores must be statistically adjusted for language level indicated by the ADOS module, intelligence quotients (IQ), sex and age. Table S2 .
Blood samples were obtained from each participant in an EDTA-containing tube. Genomic DNA was extracted using the Qiagen QIAamp DNA Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA quality was confirmed on a 1% agarose gel, and DNA concentrations were determined by measuring the absorbance at 260 nm using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). SNPs were genotyped using the MassArray platform (Sequenom, San Diego, CA, USA) with the primers showed in Additional file 1: Table S3 . For genotyping, investigators were blinded to case/control status, and 30 random samples were tested in duplicate for all 16 tag SNPs for quality control, with a reproducibility of 100%.
Statistical analyses
Haploview v.4.2 software was used to evaluate deviations from Hardy-Weinberg equilibrium (HWE) among controls, as well as for analysis of linkage disequilibrium (LD) and haplotype construction. SNPstats software (http://bioinfo.iconcologia.net/SNPstats) was used to calculate the odds ratios (ORs) and 95% confidence intervals (CIs) in different genetic models. SNP associated analyses were estimated under the following genetic models: codominant, dominant, recessive, overdominant and log-additive model. When the values of Akaike' information criterion (AIC) and Bayesian information criterion (BIC) are the lowest, the genetic model is the optimal model for the SNP. Benjamini-Hochberg approach based on false discovery rate (FDR) criterion was applied to avoid the type I error in multiple comparisons. Potential relationships between genetic and phenotypic characteristics were evaluated by one-way analysis of variance with adjustment for language level, IQ, sex and age at the time of assessment, and the Bonferroni correction was applied in multiple testing. Data were analyzed using SPSS v.17.0 software (SPSS Inc., Chicago, IL, USA). All reported p values were two-tailed, and statistical significance was defined at the α = 0.05 level.
Results
Clinical characteristics
The 243 cases included 204 boys and 39 girls with a mean age of 5.19 ± 1.96 years. The 243 controls included 192 boys and 51 girls with a mean age of 4.96 ± 0.97 years. There were no differences in terms of age and gender between cases and controls (p = 0.101 and p = 0.161, respectively).
Association between the SNPs and ASD risk
Call rates for the 16 tag SNPs exceeded 95%. These differences in genotyping efficiency were attributable to different sample sizes for each SNP measured. The rs2845573 was excluded from statistical analyses because the corresponding genotypes in the control group deviated from HWE (p < 0.05). The genotype distributions of the remaining SNPs were in agreement with HWE in the control group (p > 0.05; Table 1) . Table 2 summarized the allele frequencies of the SNPs in ASD patients and controls. Allele frequencies for FADS2 rs526126 and ELOVL2 rs9468304 differed significantly between cases and controls (p < 0.05). The rs526126 G allele (OR = 0.55, 95% CI = 0.42-0.72, p < 0.001) was associated with a lower risk of ASD, whereas the rs9468304 G allele (OR = 1.37, 95% CI = 1.05-1.79, p = 0.035) was associated with a higher risk of ASD. The allele distributions of other tag SNPs were non-significant. However, the positive result of rs9468304 presented no statistical significance after FDR-based correction.
We analyzed the association of the SNPs with ASD risk in five genetic models (Additional file 1: Table S4 ). As shown in Table 3 , there were significant differences in genotype frequencies of rs526126, rs17606561, rs3756963, rs10498676, and rs9468304 between the patient and control groups (p < 0.05). After the p values were adjusted by FDR-based correction, FADS2 rs526126 (OR = 0.07, 95% CI = 0.02-0.22, p FDR < 0.01), and ELOVL2 rs10498676 (OR = 0.56, 95% CI = 0.35-0.89, p FDR = 0.042) were associated with a reduced risk of ASD in the recessive model. Whereas ELOVL2 rs17606561 (OR = 1.63; 95% CI = 1.12-2.36, p FDR = 0.036), rs3756963 (OR = 1.64, 95% CI = 1.14-2.37, p FDR = 0.039) and rs9468304 (OR = 1.75, 95% CI = 1.22-2.50, p FDR = 0.017) were associated with an increased risk of ASD in the overdominant model. There were no associations for the remaining SNPs under any kind of genetic model.
Haplotype analysis
In the FADS1/2 gene cluster, LD analysis of seven SNPs identified one haplotype block consisting of two SNPs (rs174585 and rs174593) that produced two haplotypes with frequencies > 1% ( Fig. 2a and Table 4 ). There were no differences in the frequencies of these haplotypes between ASD patients and controls. In the ELOVL2 gene, LD analysis of eight SNPs identified one haplotype block consisting of six SNPs (rs17606561, rs2236212, rs3798712, rs953413, rs3756963, and rs10498676) that produced five haplotypes with frequencies > 1 ( Fig. 2b and Table 4 ). There were no differences in the frequencies of these haplotypes between ASD patients and controls.
Association between genotype and ASD symptoms
According to above positive results, only 5 SNPs (rs526126, rs17606561, rs3756963, rs10498676, rs9468304) were selected in analyses of the relationships between gene polymorphisms and a series of ASD-specific features, including ADI-R and ADOS domains. Analysis of variance revealed that the A/A genotype of rs10498676 had lower scores for ADI-R social, ADI-R verbal and nonverbal communication (Comm-V and -NV, respectively) than the G/G and A/G genotypes after adjusting for language level, IQ, sex and age. However, the positive result of ADI-R social presented no statistical significance after Bonferroni correction (Table 5 ). There were no associations for the remaining 4 SNPs (Additional file 1: Table S5 ).
Discussion
In this population-based case-control study, we aimed to investigate the effect of gene variations involved in LC-PUFA pathways and metabolism on the risk of ASD using allele, genotype, and haplotype analyses. We also investigated associations between gene polymorphisms and clinical features of ASD. This is the first study to investigate the association between FADS1/2 and ELOVL2 gene polymorphisms and ASD risk.
Our team previously found that significantly lower serum levels of AA, DHA and docosapentaenoic acid (DPA, 22:5n-3) in autistic children than in controls [14] . Then, the following animal experiments, we strictly controlled dietary conditions in both groups in order to reduce the effects of dietary factors, and we still found that serum n-3 and n-6 PUFA levels were lower in ASD model rats relative to controls. Moreover, we observed that the expression of rate-limiting PUFA metabolic enzymes was downregulated in the ASD group [18] . However, genetic mutations were not taken into consideration in our previous work. Investigating the role of genes involved in LC-PUFA metabolism may provide valuable insight into genetic susceptibility to ASD.
The FADS1 and FADS2 genes are seated head-to-head in a cluster on chromosome 11 (11q12-q13) and expressed in most human tissues, particularly in the liver, heart, and brain. An Avon longitudinal study in over 4000 pregnant women and their children indicated that FADS polymorphisms influenced maternal erythrocyte the concentrations of n-3 DHA, which disrupted the baby's DHA supply in utero [23] . Animal studies have shown that irreversible and persistent changes in hypothalamic phospholipid composition resulted from abnormally high n-6:n-3 ratio early in life, the same as a dysfunction or down-regulation of the conversion of ALA to DHA by the delta-6 desaturase enzyme [24] . These two findings suggest that FADS polymorphisms may lead to irreversible structural and functional changes in neurons. In CHIANTI study reported that polymorphisms in the FADS1/2 gene cluster accounted for as much as 18.6 of the variance in plasma and erythrocyte PUFA concentrations [25] , and up to 28.5 of the variance in serum LC-PUFA content [9] . Moreover, the FADS1/2 gene cluster is mainly involved in regulating the levels of pro-and anti-inflammatory eicosanoids synthesized from LC-PUFAs [26] . In our results, the frequencies of the minor allele G and genotype G/G of rs526126 were lower in ASD cases than in controls, suggesting that individuals with the G allele have a lower risk of ASD. In other studies of this locus, rs526126 G allele carriers had lower AA levels as well as reduced desaturase activity, as indicated by AA/ dihomo-γ-linoleic acid (DGLA, 20:3n-6), γ-linoleic acid (GLA,18:3n-6)/LA, and AA/LA ratios [27] . The AA/DGLA, GLA/LA, and AA/LA product-to-precursor ratios are used to estimate FADS1, FADS2, and aggregate FADS1/2 desaturase indices, respectively. Moran et al. also found that the G allele of rs526126 was nominally also related to lower levels of AA and lower FADS1 index, and the maternal G/G genotype was associated with higher child cognition scores, although this was not statistically significant [28] . In addition to the n-6 pathway, the minor allele G was positively associated with levels of desaturase subtrates (ALA) and negatively associated with levels of desaturase products (EPA and DHA) as well as ratios of n-3 (EPA/ ALA) pathway components [23] . There are two possible explanations for the protective effects of allele G of rs526126. Firstly, eicosanoids, as the strongly pro-inflammatory factors, such as prostaglandins, thromboxanes, leukotrienes, and lipoxins that are transformed from AA via the cyclooxygenase and lipoxygenase pathways, are related to increased neuroinflammation, which is thought to damage nervous system development and has been associated with ASD [29] . Additionally, EPA can also produce eicosanoids, the lightly pro-inflammatory factors [26] . Secondly, endocannabinoids derived from PUFAs modulate synaptic function by suppressing neurotransmitter release, thereby acting as retrograde messengers in short-term forms of synaptic plasticity as well as presynaptically in long-term potentiation at both excitatory and inhibitory synapses [4, 11, 13, 30] . Genetic variant in FADS2 (rs526126) may reduce desaturase activity, functionality, or expression, resulting in lower concentrations of LC-PUFAs and their derivatives, with downstream biological consequences. ELOVL2 is located on chromosome 6 (6p24.2) and encodes elongase 2, which has a key role in LC-PUFA biosynthesis. Although delta-6 desaturase has been accepted as a control point in the production of DHA from ALA, when dietary ALA or EPA is abundant, DHA levels do not increase, suggesting that there are other control points in the reactions of EPA to DHA. In particular, in the sequential reactions of EPA → DPA → tetracosapentaenoic acid (TPA, 24:5n-3), elongation of DPA to TPA by ELOVL2 is a key step in the transformation of EPA to DHA [31] . Ablation of Elovl2 in mice caused severe reduction in the levels of DHA and β-docosapentaenoic acid (BDPA, 22:5n-6), and accumulation of EPA, DPA and 22:4n-6 in both liver and serum [32] . SNPs in ELOVL2 that reduce the efficiency of this process are expected to increase the production of DPA while decreasing that of TPA and DHA as the end product [31, 33] . Given the essential function of DHA in brain development and cognition-enhancing [4, 10] , we speculated that SNPs in ELOVL2 influence ASD susceptibility by modulating DHA synthesis. The current study showed that the allele distributions of tag SNPs in ELOVL2 gene did not differ significantly between ASD cases and controls. However, the genotype analyses indicated four SNPs were significantly related to ASD risk in overdominate/recessive model. Given our somewhat conflicting observations, the relationship between ELOVL2 gene and risk of ASD must be interpreted with cautious.
Except for rs17606561, most of SNPs in this study lied within intron, which performed vital roles in gene transcription. Mutations in introns, although non-coding sequences, can disturb splicing regulatory elements, such as enhancers or silencers, finally resulting in aberrant gene splicing [34] . It has been certified that the SNPs in the first intron of FADS2 influenced FADS1/2 expression [35] . The haplotyple block, as generally genetic unit, was conducted to evaluate the combined effect of the polymorphisms on ASD risk, and was an effective way of improving detection power comparing with single markers. Unfortunately, although haploview analyses demonstrated that strong LD between rs174585 and rs174593 in FADS2 gene, and rs17606561, rs2236212, rs3798712, rs953413, rs3756963 and rs10498676 in ELOVL2 gene (D' = 0.97, mean D' = 0.98, respectively), there were no marked association between the two reconstruction haplotype blocks of these tag SNPs in this study and ASD, which may have been a function of small size.
Estimating the severity of core autism features is critical for comparing samples across studies, tracking the [19] . The CSS is relatively irrespective of the effect of phenotypic characteristics than the raw scores and allows scores to be compared across time, age, and modules. The use of ADOS and domain CSS has proven useful in characterizing samples for genetic and neurobiological studies [36, 37] . However, in the current literature we failed to uncover the relationship between FADS2 and ELOVL2 SNPs and ADOS and domain CSS. Our analysis revealed that ELOVL2 rs10498676 is correlated with ADI-R comm-V and -NV after adjusting for age and language level. Compared with G/G and A/G genotypes, individuals with the A/A genotype had lower comm-V and -NV scores, which was in accordance with our previous finding that the minor A allele of rs10498676 protected individuals against ASD. However, a caveat is that corrected ADI-R diagnostic scores may not represent the severity of ASD core symptoms.
The results of this study should be interpreted in light of several important limitations. Firstly, there were no data available regarding the LC-PUFA levels of the study subjects, and the relatively limited sample size decreased the power of the study. Secondly, both AIC and BIC can be derived from a model's likelihood and resulting maximum likelihood estimate in the context of regression. Although AIC and BIC as the more general estimators can be used for model selection, this strategy could increase type I error due to their parsimony principle. To further verity or choose the optimally genetic model, diverse model selection strategies are worthy being performed. Finally, we did not include a replication cohort. Additional studies with larger samples and/or family-based association testing are needed to verify the precise contribution of gene polymorphisms to ASD.
Conclusions
LC-PUFA metabolism is an important area of ASD research, given their roles in brain development and in the modulation of inflammatory response in the brain. Our results demonstrate that FADS2 and ELOVL2 SNPs differed between ASD cases and controls and suggest that these genes contribute to genetic susceptibility to ASD in a Chinese Han population. These findings provide new evidence for the contribution of genetic susceptibility to the etiology of ASD.
Additional file
Additional file 1: Table S1 . Sample description and scores on primary measures. Table S2 . General information of gene tag SNPs. Table S3 . Primers used in the screening of SNPs by MassArray. Table S4 . SNPs in different genetic models associated with ASD risk. Table S5 
